Introduction
Foodborne bacterial pathogens such as E. coli, Salmonella, Campylobacter, and Listeria monocytogenes are major causes of disease and mortality worldwide, and generate high costs for both the food industry and health care systems. Despite increasing awareness and improved hygiene conditions in most western countries, numbers of foodborne disease outbreaks have remained constant or are even increasing. 1 The rising demand particularly in the western world for convenience food and readyto-eat products poses additional challenges for food production and processing environments, and higher risks for the consumers. Therefore, there is a need for the development of novel procedures for detection of these pathogens in food that are fast and reliable and enable rapid implementation of suitable control strategies. Conventional culture-based diagnostic protocols still represent the gold standard for detection of foodborne bacteria 2 since they are most sensitive and, as an added benefit, yield colonies that can be further subjected to additional tests and used for source tracking. Some major drawbacks of these traditional methods are, however, that they are time-consuming (i.e., often require 48 to 72 h for preliminary results 1 ), and labor-intensive. For any newly developed diagnostic test, rapidity, sensitivity, and specificity are key issues. In food analysis, legal requirements often make it necessary to demonstrate the absence of an organism from a food product (i.e., the method must be able to reliably detect single cells in 25 g samples), which poses an additional challenge for such culture-independent methods. Furthermore, such tests should be cost-effective (i.e., they should not require expensive reagents or equipment) and should ideally be simple to perform, under various different conditions, and with minimal preprocessing of sample material.
There are a number of culture-independent methods that have been used in diagnostics, such as polymerase chain reaction (PCR)-based, immunological (e.g., enzyme-linked immunosorbent assay, ELISA), and mass spectrometry (MS) techniques. However, these rapid methods often require lengthy pre-enrichment steps; are hampered by the requirement of expensive machinery and difficult handling and interpretation of results (MS); or lack the ability to distinguish between living and dead cells, as is the case for PCR, which detects the mere presence of DNA. Since many food products undergo processing in order to inactivate bacteria, it is of particular importance for detection methods used in food analysis to be able to identify viable cells. This problem may be solved by a combined approach of reverse Bacterial contamination of food products presents a challenge for the food industry and poses a high risk for the consumer. Despite increasing awareness and improved hygiene measures, foodborne pathogens remain a threat for public health, and novel methods for detection of these organisms are needed. Bacteriophages represent ideal tools for diagnostic assays because of their high target cell specificity, inherent signal-amplifying properties, easy and inexpensive production, and robustness. every stage of the phage lytic multiplication cycle, from the initial recognition of the host cell to the final lysis event, may be harnessed in several ways for the purpose of bacterial detection. Besides intact phage particles, phage-derived affinity molecules such as cell wall binding domains and receptor binding proteins can serve for this purpose. This review provides an overview of existing phage-based technologies for detection of foodborne pathogens, and highlights the most recent developments in this field, with particular emphasis on phagebased biosensors.
transcription and PCR (RT-PCR) detecting mRNA instead of DNA, but technical challenges and costs prevent RT-PCR-based detection methods from being routinely used. 2 An alternative approach is the use of propidium monoazide in combination with PCR to differentiate between viable and dead bacteria. 3 Examples for commercial molecular detection systems that do not rely on PCR include the 3M TM Molecular Detection Assay (3M) and the ANSR Pathogen Detection System (Neogen Corporation).
Bacteriophages present ideal tools which can be used for bacterial detection. These viruses have co-evolved with their bacterial hosts to recognize and infect their target cells with an extraordinary specificity that can be harnessed for various rapid detection formats. The complete infection cycle of a virulent phage usually takes only 1-2 h and, by multiplication inside the host cell, offers an inherent amplification step, 4 which in many detection assays makes it possible to shorten or completely dispense with lengthy pre-enrichment procedures. In addition, phages are easy and inexpensive to produce, robust (e.g., they show low susceptibility to variations of temperature and pH, organic solvents, 5 and proteases 6 ), and are able to distinguish between live and dead cells (i.e., only multiply in viable cells). There is a multitude of reports in the literature on different phagebased detection techniques, exploiting every step of the phage infection cycle, from host cell recognition to lysis, and these methods have been reviewed extensively.
1,2,4,7-14 However, despite the various bacteriophage-based diagnostic protocols developed to date, and the obvious advantages of harnessing phage for bacterial detection, only a few of these tests have been developed into commercial products. 10 This review gives an overview of the current state of bacteriophage-based detection of food-borne pathogens, with a particular focus on recent developments in the field of biosensor technologies.
Detection on the Basis of Phage-Induced Lysis
Lysis of the host cell "from within" constitutes the last step in the lytic multiplication cycle of most phages, and is commonly mediated by two components of the lytic cassette of the phage: the holin, which creates pores in the cytoplasmic membrane, and the endolysin, which accesses the peptidoglycan through these pores and degrades its substrate, resulting in destabilization of the murein sacculus and rapid lysis. 15 Besides liberation of the progeny phage particle, host cell lysis also results in the release of other intracellular components, some of which may be used as markers for measuring the lysis event. This can be exploited in a variety of bacterial detection methods, in which the bacteriophage provides the necessary specificity.
Detection of ATP release Adenosine triphosphate (ATP) is the intracellular marker most widely used for determination of bacterial numbers in a sample through cell lysis. Since the amount of ATP in an average living bacterium is approximately 10 -15 g and quite consistent between different species, quantification of released ATP via a bioluminescent assay allows determination of the number of viable cells present in a sample. 2, 16, 17 In this assay, ATP drives a reaction catalyzed by the firefly luciferase, which converts its substrate luciferin in presence of oxygen into oxyluciferin, adenosine monophosphate (AMP), pyrophosphate, and carbon dioxide, emitting detectable light at femtomolar concentrations of ATP. 18 Traditionally, unspecific membrane-disrupting agents (detergents) have been used for the assay to determine the total bacterial number in a sample. 19 Employing bacteriophage as lytic agents can turn this general assay into a specific method for detection of target cells. A drawback of this assay format is the high background concentration of ATP present in many food samples, which results in insufficient detection limits (10 4 to 10 5 CFU/ml). 4, 19 One strategy addressing this problem employs a biosorbent consisting of bacteriophage T4 particles immobilized on a nano-aluminum fiber-based Disruptor TM filter, coupled with the bioluminescent ATP assay for detection of E. coli. 20 This phage-based biosorbent allowed capture and concentration of target pathogens on the filter surface and, as a consequence, detection of a significantly lower number of bacteria (6 × 10 3 CFU/ml) within 2 h. The method was shown to be highly accurate and robust, with sample background microflora at concentrations 60-fold higher than that of the target pathogen not affecting the results. An alternative strategy to increase sensitivity of the bioluminescent ATP assay is signal amplification. This can be achieved by measuring the activity of adenylate kinase (AK), an intracellular enzyme released by phage-mediated cell lysis, which equilibrates concentrations of adenine nucleotides, i.e., it produces ATP in the presence of excess adenosine diphosphate (ADP). 21 Addition of ADP to the sample increases sensitivity by one to two orders of magnitude compared with the classical bioluminescent ATP assay, and detection limits reported for E. coli and Salmonella were lower than 10 3 CFU/ml under optimal conditions. 19, 22 The method was further improved by including an immunomagnetic separation (IMS) step prior to the AK/ATP assay, in which target cells are captured by antibody-coated magnetic beads, concentrated, and partially purified. 18, 23 This combined protocol was once commercialized for detection of Salmonella, E. coli O157, Listeria, and other foodborne pathogens. However, this so-called FastrAK assay has not been a commercial success, since the time advantage offered compared with traditional methods is not significant, and it does not provide viable bacteria required for further studies.
Detection of other bacterial cytoplasmic markers Besides ATP and AK, other cytoplasmic markers have been harnessed for bacterial detection by phage-mediated cell lysis. Neufeld et al. described detection of E. coli at concentrations as low as 1 CFU/100ml within 6 to 8 h, by amperometric measurement of the activity of bacterial β-D-galactosidase released after phage lysis of target cells. 24 The substrate of the enzyme, p-aminophenyl-β-D-galactopyranoside, has to be added externally and is converted into p-aminophenol, whose subsequent oxidation can be detected by change of the electric current in a potentiostat device. The high sensitivity of the assay was achieved by filtration and preincubation of the sample prior to phage infection. Similarly, Yemini et al. reported detection of Bacillus cereus and Mycobacterium smegmatis after phage lysis (detection limit of 10 CFU/ml), using α-and β-glucosidase as cytoplasmic markers, respectively, within 8 h. 25 The potentiostat used in this study allowed the simultaneous measurement of 8 samples.
Measurement of impedance or conductivity
The growth of microorganisms causes changes in conductivity of the growth medium, mostly through transformation of large uncharged metabolites (such as carbohydrates) to smaller charged molecules (e.g., acids). The term impedance is inversely related to conductivity and can be defined as resistance to the flow of an alternating current through conducting material such as bacterial growth media. 26 Bacteriophage are suitable tools for specific impedimetric detection of bacteria, since addition of phage to a sample results in retardation of changes in impedance if the target organism is present. One prominent example for employing a phage for impedimetric detection of foodborne pathogens is a study by Chang et al., 27 who were able to detect E. coli O157:H7 cells through the absence of changes in conductivity of a MacConkey-sorbitol medium in presence of the phage AR1, which is specific for this pathogen. The method proved highly sensitive (with 41 of 41 O157:H7 strains giving a positive signal) and specific (99.4% of non-O157:H7 E. coli strains tested yielded a negative result). The drawbacks of direct impedance-based detection methods are the requirement of suitable growth media optimized for conductivity measurement, whose development is often time-consuming, the potential of contamination by microorganisms of the background flora, and the fact that not all target organisms produce highly charged metabolites resulting in measurable changes in conductivity. 13, 26, 28 Some of these limitations may be circumvented by indirect impedimetric methods, in which carbon dioxide produced during growth of the target organisms is absorbed by a potassium hydroxide solution separated from the growth medium, and the resulting change in conductivity is detected. 26 This principle has been applied for detection of a variety of foodborne pathogens, including Staphylococcus aureus, Listeria monocytogenes, Enterococcus faecalis, Escherichia coli, Salmonella, and Campylobacter species. 29, 30 While many reports of classical impedance-based methods for bacterial detection date back to the 1990s, there has been considerable progress in recent years on the development of impedimetric biosensors, 31 which will be discussed in more detail below.
Detection by the Phage Amplification Assay
The use of unmodified phage particles for generation and enumeration of plaques within a bacterial lawn is certainly the most obvious and direct way of utilizing these viruses for bacterial detection. In the so-called Phage Amplification Assay (Fig. 1) , [32] [33] [34] samples to be tested for the presence of certain target pathogens are mixed with bacteriophages specific for these bacteria, which are then allowed sufficient time to infect their host cells. The subsequent addition of a virucide to the sample ensures survival only of those phages currently engaged in the infection process, whereas all extracellular phage particles are inactivated. Since the number of target cells present in a sample is rarely sufficient to produce a bacterial lawn when plated directly, the sample is then mixed with an ample amount of helper cells (of a propagating strain for the respective phage) following neutralization of the virucide. Plating of the mixture in a soft agar overlay results in formation of plaques as a consequence of phage liberated from lysed target cells infecting surrounding helper cells. The number of plaques directly corresponds to the number of target cells initially present in the sample, and the nature of the assay ensures that only living cells are detected. Other benefits of the assay include low costs, high specificity, speed, and the use of unmodified phage, which avoids genetic engineering and legal issues associated with the application of GMOs. 2, 9 A critical point is the efficacy of the virucide chosen for inactivation of phage particles, since any residual free phage will yield false-positive results, by infecting the added helper cells. One agent commonly employed for this purpose is ferrous ammonium sulfate. 34, 35 Difficulties may also arise when the concentration of competing microflora in a sample is high enough to overgrow the helper cells or when the matrix itself inhibits phage infection, which can often be circumvented by dilution or decontamination steps prior to performing the assay. 8 In certain cases, the assay may provide an important time advantage when rapid signal amplification is achieved by using fast-growing helper cells for detection of a slow-growing target pathogen. A prime example is the previously reported detection of Mycobacterium tuberculosis in human sputum samples, by using fast-growing Mycobacterium smegmatis as helper cells, which constitutes the basic principle of the FastPlaqueTB and FastPlaque-Response (for detection of rifampicin-resistant Mycobacteria) tests. 36 Unfortunately, these tests have not been commercially successful, which is partly due to the disadvantage of the culture-based method as opposed to more user-friendly solutions for clinical labs. For food analysis laboratories, however, plate-based protocols do not pose an obstacle. In fact, the phage amplification assay has been developed for a broad spectrum of bacteria, including food-borne pathogens such as Salmonella, E. coli, Staphylococcus aureus, Listeria, and Mycobacterium avium. 32, [37] [38] [39] [40] [41] M. avium ssp. paratuberculosis (MAP) is an obligate pathogen that occurs in milk, and is the causative agent of Johne's disease in ruminants. 42 There is also a possible link to Crohn's disease in humans. 43, 44 The FastPlaqueTB assay has been reported to be applicable for the detection of MAP and Mycobacterium bovis in milk samples. In this case, the assay is coupled with plaque PCR testing for the presence of certain MAP and M. bovis-specific signature elements, which provides the specificity necessary to differentiate between the two species. 38 Compared with the use of PCR alone, the combined method offers the advantage of detecting viable cells only. 45 Another recent development based on the Phage Amplification Assay for MAP detection employs MAP-specific affinity peptides for peptide-mediated magnetic separation (PMS) of target cells from the sample prior to the assay, 46 and replaces the classical plaque formation step by ELISA detection of released progeny phage using phage-specific polyclonal antibodies. 47 In this setup, the PMS ensures high specificity, at the same time circumventing the aforementioned problems related to background microflora or unfavorable matrix properties of the sample, while the ELISA-based endpoint detection offers advantages in speed and sensitivity compared with the classical method. Magnetic separation in combination with phage amplification was also utilized for detection of Salmonella cells, in this case using Salmonella-specific antibodies as affinity molecules coated on magnetic beads. 37 When applied to a variety of food samples, this assay was able to detect an average of 3 CFU of Salmonella in 25 g food within 20 h, and was also adapted for detection of E. coli O157:H7. 48 Another report describes the simultaneous detection of two different pathogens (Salmonella and E. coli) in one sample by coupling phage amplification with matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF). Here, structural proteins of the amplified phage serve as secondary biomarkers for the respective target bacteria. 39, 49 Phage amplification protocols using MALDI-TOF analysis as endpoint detection method are, however, limited by the low inoculation phage titers that have to be used to ensure that initial phage concentrations are below the detection limit of the MS instrument, which results in longer incubation times.
Pierce at al. attempted to circumvent this limitation by designing an assay for detection of S. aureus in which 15 N-isotopically labeled phages are used for inoculation. These can be distinguished by mass from the wild-type 14 N progeny viruses. 50, 51 One further attempt to shorten the time-consuming last step (i.e., the actual detection step) of the classical phage amplification assay with plaque enumeration was reported by Jassim et al., 52 who applied a Live/Dead staining protocol to the helper cells 1-2 h after addition to the sample. This way, the authors were able to correlate the fluorescence signal indicating the proportion of dead helper cells to the initial number of target cells present in the original sample, allowing detection of 10 CFU/ml within 4 h without prior enrichment. Further endpoint detection methods that have been used to replace the traditional plaque formation and enumeration include quantitative real-time PCR (qPCR) 53 and competitive ELISA (phage replication-competitive enzymelinked immunosorbent assay, PR-cELISA).
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Genetically Modified Reporter Phage
Besides using native, unaltered phage particles for bacterial detection, molecular cloning techniques makes it possible to engineer phage to carry a specific reporter gene. Upon infection of a target cell, the gene is expressed and allows detection of its product, e.g., by measuring bioluminescence, fluorescence, or enzymatic conversion of a chromogenic substrate. Table 1 summarizes reporter genes that have been used for construction of reporter phages, with their respective advantages and disadvantages. Reporter phage assays are fast and sensitive and, like the phage amplification assay using native phage, only detect active and viable cells. Another advantage is that the robustness of the assay and the high specificity of the phage eliminate the need for lengthy sample preparation or purification. There is a large body of literature on the many different reporter phages constructed and evaluated, and recent reviews of this topic are available. 1, 4, 9, 11 However, certain disadvantages associated with the construction and application of reporter phages should also be mentioned. First, their construction is labor-intensive and requires detailed genetic knowledge of the phage. Furthermore, the volume of the phage capsid sets a natural limit to the amount of genetic material that can be introduced into the phage genome. Common ways of introducing reporter genes include direct cloning (feasible only with a limited number of phages), transposition, and homologous recombination. 66 Finally, the fact that reporter phages create genetically modified organisms (GMOs) by infecting their host cells poses potential hurdles with regard to consumer acceptance and regulatory approval of reporter phage products. As a consequence, despite the large amount of effort that has gone into developing reporter phages, there is, as yet, no commercially available product based on this technology. However, the US-based company Sample6 is currently implementing this technology in their Sample6 Detect portfolio for rapid diagnostics of bacteria in food industry environments (sample6.com). 67 This approach uses synthetic biology tools such as yeast-based recombineering allowing rapid high-throughput engineering of environmentally isolated • long-lasting signal increasing over time Luciferase reporter phage Among all reporter phage described to date, those carrying a luciferase gene for bacterial detection account for the largest share. Major advantages of using luciferase genes as reporters are the highly sensitive detection of the bioluminescent signal they generate, and the fact that bioluminescence is practically absent from food samples, resulting in a high signal-to-noise ratio. 4 The first luciferase reporter phage (LRP) was constructed by Ulitzur 55 Nowadays, LRPs are available for a multitude of foodborne pathogens, including E. coli, Salmonella, Listeria, Staphylococcus aureus, and Mycobacterium avium. [55] [56] [57] 59, 63, 66, [68] [69] [70] [71] [72] [73] [74] One of the most prominent examples with relevance for food safety is the A511::luxAB, which is based on the broad host range A511 phage infecting the foodborne pathogen Listeria monocytogenes. 56 This reporter phage features a luxAB fusion gene from Vibrio harveyi immediately downstream of the gene coding for the major capsid protein of A511, resulting in emission of light during the expression of late phage genes inside infected host cells, and allowing detection of very low numbers of Listeria cells in food samples within less than 24 h. 72 This significantly reduced time requirement compared with the standard plating method (4 d) constitutes the major advantage of this assay, while at the same time the high specificity of the phage ensures reliable results even in samples with high levels of background flora. More recently, a similar approach was used to create luxAB reporter phages for detection of the potential bioterrorism agents Yersinia pestis and Bacillus anthracis, offering advantages with regard to ease of use, speed, and the possibility of testing multiple samples simultaneously, compared with the respective traditional detection protocols. [75] [76] [77] Kuhn et al. designed a LRP for detection of Salmonella based on the virulent broad host range phage Felix-O1, which is able to infect > 95% of clinically relevant strains. 70, 78 The distinctive feature of this phage is the replacement of native genes, one of which is essential for propagation of the phage on wild type strains, by the luxAB genes. As a consequence, the phage is genetically locked, meaning that infection of wild type strains (and consequently generation of the luminescent signal) is possible, but multiplication can only be achieved in an engineered propagation strain which provides the missing genes in trans. 70 This characteristic is interesting since it may circumvent some GMO-related concerns. Another interesting concept is the use of luxI, one regulatory gene of the bioluminescence cassette of Vibrio fischeri, as a reporter gene. 58, [79] [80] [81] The luxI gene encodes a synthase of acyl-homoserine lactone (AHL), which functions as diffusible quorum sensing molecule that induces transcription of the lux operon resulting in bioluminescence of neighboring cells carrying the essential genes. By using an engineered luxI incorporated lambda phage and an E. coli lux bioreporter strain, the authors were able to detect as few as 1 E. coli cell per ml in pure culture within slightly more than 10 h and 130 CFU/ml in less than 24 h in artificially contaminated lettuce leaf washings. 58 A similar reporter system was also designed for E. coli O157:H7, with similarly low detection limits. 80, 81 In summary, detection limits for the reported LRPs range from 10 2 to 10 6 CFU/ml, and short pre-enrichment steps allowed detection of even fewer cells. The time requirement is between one and several hours. 4 Other reporter phage Several other reporter genes have been used to construct reporter phage. Genes encoding fluorescent proteins such as the green fluorescent protein (GFP) have been found particularly suitable for this purpose. The GFP combines many desirable properties such as high stability, low toxicity, and the fact that fluorescence is triggered by excitation light, abolishing the requirement for adding a substrate as required for luciferases. 11, 82 Furthermore, the availability of a wide range of fluorescent proteins differing in their excitation and emission properties opens new possibilities for multiplexed detection of various different target pathogens in one sample. 11, 83 The first GFP reporter phage was constructed by Funatsu et al., who modified the lambda phage to express the gfp gene, allowing specific detection of E. coli by fluorescence within 4-6 h. 62 The T-even type phage PP01 served as a specific reporter for E. coli O157:H7 in a similar setup. Here, the gfp gene was fused to the gene coding for the small outer capsid protein of the phage. 84 Detection of target cells by fluorescent microscopy was possible 10 min after mixing the sample with the phage, and was not influenced by presence of non-O157:H7 E. coli cells. The same strategy was used to create a T4-based reporter phage. In addition to carrying the GFP reporter gene, this phage was genetically locked, i.e., capable of infection but not of lysing the infected host cell, through inactivation of its endolysin gene. 85 It should be noted that with these reporter phages, detection of target pathogens relies both on adsorption of previously produced fluorescently tagged phage particles to the cell surface and subsequent additional production of the reporter protein within the infected target cell. This makes it possible to distinguish between live cells, in which the fluorescent signal increases over time, and inactivated cells, where fluorescence is only due to the surface decoration and does not increase during the course of the assay.
One further possibility is the utilization of the lacZ gene encoding β-galactosidase as a reporter, which can be used with a variety of different substrates, allowing detection of colorimetric, fluorescent, or luminescent signals. 7 A very practical device termed PhastSwab was developed by Willford and Goodrige, and contains a lacZ reporter phage specific for E. coli O157:H7, as well as a suitable substrate (colorimetric or luminescent) within the cap of a SnapValve tube. 61 The bottom of the tube contains a swab for sample collection, suitable enrichment broth, and immunomagnetic beads for separation of target cells. Following sample collection, the swab is returned to the enrichment broth compartment and incubated for 8 h before concentration of target cells by IMS. The reporter phage is then added to the immobilized cells, and after 1 h, the cap is snapped to release the substrate, and the resulting signal can be measured. When used with a luminescent substrate, the PhastSwab was able to detect 10 CFU/100 cm 2 within 10 h. Even lower detection limits were achieved with a Salmonellaspecific reporter phage carrying the inaW gene, which encodes a Pseudomonas-derived ice nucleation protein (INP). 60 When Salmonella target cells are infected with this phage, the INP is produced and presented on the surface of the bacterium by integration into its outer membrane. As a consequence, samples containing Salmonella cells freeze at slightly higher temperatures, which can be detected by adding a phase-sensitive indicator dye that turns orange in case of elevated temperature freezing and remains green otherwise. This so-called BIND (bacterial ice nucleation detection) assay was shown to detect as few as 2 CFU/ ml of Salmonella within 3 h in buffer and raw eggs, and 10 CFU/ ml in samples with high background flora. 86 Sensitivity of the assay was further improved by combining it with IMS, achieving detection limits as low as 5 CFU/ml. 87 The BIND assay has been commercialized as diagnostic tool for Salmonella, but it is no longer available.
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Another useful reporter gene is the sequence encoding the highly thermostable β-glycosidase CelB from the hyperthermophilic archaeon Pyrococcus furiosus, which can be used with a variety of different substrates to generate a measurable signal. 63 An important advantage of this system compared with other reporter phages is the possibility to eliminate background activity of other enzymes present in the sample, simply by heating. When used with chromogenic substrates, the assay offers an additional advantage with regard to ease-of-use, by generating a long-lasting signal that increases over time, in contrast to the transient signals produced by luminescence-based assays [even though there are new luciferase variants that produce a strong and stable light signal, such as the Gaussia luciferase GLuc 88 ]. Edgar et al. reported the construction of reporter phages carrying a small (approximately 75 base pairs) gene encoding a biotinylation peptide, which allowed tagging of the phage by streptavidin-coated quantum dots (QDs). 64 QDs are fluorescent semiconductor nanocrystals that feature broad excitation and narrow emission spectra, and are superior in photostability to organic fluorescent molecules such as GFP. This strategy involves i) infection of E. coli target cells present in a sample by the engineered phage; ii) biotinylation of the progeny phage (presenting biotinylation peptides on their surface) inside the cells by the bacterial biotin-ligase (a process highly conserved throughout evolution); iii) fluorescent tagging of the progeny phage by streptavidin-functionalized QDs binding to the biotinylated capsids with high affinity; and iv) detection of the QD-tagged phage by flow cytometry. This method allows specific detection of 10 CFU/ml and a 100-fold amplification of the signal over background within 1 h.
An even smaller reporter gene (36 nucleotides) was used to create a filamentous phage that displays tetracysteine tags fused to its major coat protein. 65 Upon infection of a host cell, tetracysteine-tagged progeny phages are produced, which can then be stained by adding fluorescein arsenical helix binder (FlAsH-EDT2), a membrane-permeable biarsenical dye, and detected by flow cytometry or fluorescence microscopy.
Methods Using Phage or Phage Components as Affinity Molecules
The previous sections focused on detection techniques that rely on native or genetically engineered phages infecting and (for some methods) lysing their host cells. Another possibility is to use complete phage particles or phage components such as receptor binding proteins or cell wall binding domains from phage endolysins as affinity molecules to tag and subsequently detect target pathogens without the necessity of infection.
Labeled phage particles
The first report of directly labeled phage particles for bacterial detection dates back to the 1960s, when Watson and Eveland used fluorescently labeled antibodies directed against a phage coat protein. This "phage-fluorescent antiphage staining system" was successfully used to specifically identify Listeria monocytogenes cells. 89 More than 30 y later, Goodridge et al. reported the fluorescent labeling of an E. coli O157:H7 specific phage. In this case, the phage DNA was tagged with the fluorescent nucleic acid dye YOYO-1. 90 When used in combination with IMS for concentration of target cells and flow cytomentry for measuring the fluorescent signal, this fluorescent-bacteriophage assay (FBA) had a detection limit of 10 4 CFU/ml. When attempting E. coli O157:H7 detection in food samples, the sensitivity of the assay could be further increased by including short enrichment steps. After 6 h enrichment, 2.2 cells per gram of artificially contaminated ground beef were successfully detected, and a detection limit between 10 and 100 CFU/ml was achieved in raw milk following a 10 h enrichment step. 91 A similar approach was also reported for detection of Salmonella, this time using the fluorescent dye SYBR gold, which was found to be superior to other dyes in terms of fluorescence intensity, quantum yield and difference between excitation and emission wavelengths. 92 In this study, the fluorescent DNA was found to be injected into the host cells, which were then detected by epifluorescence microscopy. A recent report describes the construction of a SnapValve-based device similar to the aforementioned PhastSwab, for detection of Shiga toxin producing E. coli (STEC). Instead of a lacZ carrying reporter phage, this device involves so-called Phazymes, i.e., phage particles specific for the target pathogen that are chemically labeled with horse radish peroxidase (HRP), and are contained within the cap of the SnapValve tube. 93 As for the PhastSwab, the bottom of the tube contains a swab for sample collection, suitable enrichment broth, and beads for IMS of STEC cells. Following IMS, the Phazymes are added to the immobilized cells by snapping the cap, and after several washing steps, STEC can be detected by addition of either a colorimetric or luminescent HRP substrate. The Phazyme assay was able to detect E.coli O157:H7 at levels of 1 CFU/g in spinach and 1 CFU/100 cm 2 on swabbed meat samples.
Cell wall binding proteins Besides entire phage particles, individual components of the phage or proteins produced during its multiplication cycle can also be harnessed as affinity molecules for specific immobilization and detection of pathogens. In the case of Gram-positive bacteria, where the cell wall is not shielded from the outside by an outer membrane, cell wall binding domains (CBDs) of phage endolysins have emerged as promising tools for this purpose. Endolysins from a Gram-positive background show a modular architecture in which catalytic activity and cell wall recognition are embodied by two or more distinct functional domains. [94] [95] [96] CBDs, which are C-terminally located in most cases, recognize and noncovalently bind to certain ligands within the bacterial cell wall, thereby bringing the catalytic domains in proximity of their substrate. The binding spectra of CBDs are usually broader than the host ranges of the corresponding phage, and can encompass entire bacterial genera. 97 In other cases, these binding modules can exhibit specificity down to the serovar or even strain level, as has been reported for a set of CBDs from Listeria phage endolysins. 83, 98 This high specificity and the exceptionally high affinity of the CBDs to the bacterial cell wall (K d in the nano-to picomolar range) 83 ,98,99 make them ideal tools for immobilization, detection, and differentiation of Listeria cells. In an effort to reduce the time required for detection of Listeria in food samples following standard plating protocols, Kretzer et al. developed a CBD-based magnetic separation (CBD-MS) procedure, in which two different Listeria phage CBDs featuring complementary binding spectra (together encompassing all serovar groups) have been immobilized on paramagnetic beads via chemical coupling. These CBD-coated beads can then be used for high-affinity binding of target cells from food samples, and recovery via a magnet. 100 This method was shown to be superior to IMS in terms of specificity and recovery rates, with more than 90% of Listeria cells recovered from suspensions within 20-40 min. When applied to food samples, detection limits between 1 and 100 CFU/g were achieved after 6 h enrichment, and extension of the enrichment period to 24 h made it possible to detect less than 1 cell per gram food. In the original protocol, detection of Listeria was accomplished by plating the beads after magnetic separation and enumeration of colonies. This CBD-MS procedure was demonstrated to outperform the standard plating protocol in terms of time requirement (maximum of 48 h vs. 96 h) and sensitivity, and is also applicable for detection of other foodborne pathogens, such as Bacillus cereus and Clostridium perfringens. 100 As an alternative to direct plating of the beads, Walcher et al. combined CBD-MS with real-time PCR-based quantification (qPCR) of Listeria in raw milk. 101 The detection limit of this combined approach ranged from 10 2 to 10 3 CFU/ ml, which is close to the practical limit of this method. In a further modification of the CBD-MS assay, the high specificity of some CBDs for certain serovar groups was exploited for differentiation of Listeria cells of different strains following recovery from artificially contaminated food samples. 83 To this end, CBDs of different specificity were fused to differentlycolored fluorescent reporter proteins such as GFP, CFP, and dsRed. After CBD-MS using beads coated with a CBD featuring a broad binding spectrum and plating on selective agar, emerging colonies were collectively resuspended in buffer. Incubation of the cell suspension with mixtures of differently-tagged CBDs of higher specificity for 15 min allowed subsequent differentiation of strains by fluorescent microscopy (Fig. 2) . Another advantage of using domains from bacteriophage endolysins is given by the modular structure of these enzymes, which makes it possible to optimize their lytic or binding properties for certain applications by molecular engineering and module shuffling. Combining CBDs from various origins yielded chimeric fusion proteins with altered binding spectra or increased affinities which hold promise for application in CBD-based detection methods. 99 For detection of Gram-negative bacteria (which are not directly accessible by CBDs from the outside because of the presence of an outer membrane), receptor binding proteins (RBPs) from phage tail fibers or spikes can assume the role of the CBDs. 102 These proteins mediate attachment of the phage to its receptor on the bacterial surface. A fluorescently labeled phage tail fiber specific for E. coli O157:H7 has been harnessed in the VIDAS UP technology (BioMerieux SA). This sandwich assay setup utilizes antibodies for immobilization of the Gram-negative pathogens followed by detection using the fluorescent tail fiber. Similar assays are available for Salmonella and Listeria detection (http:// www.biomerieux-industry.com/vidasup/). RBPs have also found application in various biosensors for detection of Gram-negative foodborne pathogens (see below).
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Biosensor Technology
Considerable progress has been made in the past 5-10 y in the development of biosensor devices for detection of bacterial pathogens that use phage particles or phage-derived affinity molecules as recognition elements. A classical biosensor consists of the following components ( Fig. 3) :
12 i) a surface to which the recognition elements are attached; ii) a transduction platform which can be electrochemical (e.g., impedimetric), optical (e.g surface plasmon resonance-based), or mass-based (e.g., magnetoelastic); iii) a signal amplifier; iv) a signal detector; and v) a signal display. A crucial point for the performance of a phage-based biosensor is the effective immobilization of the phage or phage-derived recognition elements to the sensor surface. Strategies include physical absorption, covalent but undirected immobilization by chemical functionalization, and oriented immobilization by genetic modification of the recognition element. 12 While all three possibilities have been used, immobilization by physical absorption is often hampered by weak binding and inconsistent density of recognition elements attached to the sensor surface, which may be significantly improved by chemical coupling. 105 Oriented immobilization offers the additional advantage that a larger subset of immobilized molecules on the surface are fully functional (i.e., the binding sites/domains are exposed and therefore available for capturing target cells). As an example, genetically modified phages featuring biotinylated capsids can be efficiently immobilized on surfaces coated with streptavidin. 106, 107 One subgroup of biosensors is based on measurement of impedance, which can be classified in two different types: 31 i) biosensors that measure changes in impedance of growth media as a result of the production of metabolites during bacterial growth, and are therefore based on the same principle as the classical impedimetric assays described above; and ii) biosensors measuring the change in impedance caused by target cells binding to certain receptors immobilized on the surface of an electrode. The receptors endow the sensor with the required specificity and can be constituted by various types of recognition elements, such as antibodies, lectins, complete phage particles, or phage-derived affinity molecules. One example for utilizing complete phages as recognition elements is provided by Shabani et al., who covalently immobilized T4 phages on the surface of functionalized, screen-printed carbon electrode microarrays. 108 Binding of E. coli cells to the phages was measured by shifts in impedance, whereas no significant change was observed in the presence of Salmonella. With this biosensor, the authors were able to reach a detection limit of 10 4 CFU/ml when using 50 µl samples. In an effort to improve the sensitivity of this system, the detection procedure was modified by involving paramagnetic beads coated with the same phage as the sensor surface, and the possibility of applying a magnetic field to the carbon electrode microarray. 109 Through these modifications, it became feasible to selectively capture E. coli cells from a sample with magnetic beads, and bring them in proximity to the electrode surface via magnetic forces, thereby increasing the chance of interaction with the surface-immobilized phage. The detection limit of this modified biosensor was 10 3 CFU/ml, i.e., one order of magnitude lower than that of the original device. In addition, the modified sensor proved superior in terms of specificity and enabled detection of target cells in more complex samples such as milk. Another interesting approach is the use of impedance biosensors based on CBDs from bacteriophage endolysins instead of complete phage particles. In a recent study, Tolba et al. reported immobilization of high-affinity binding domains from Listeria phage endolysins on a gold screen-printed electrode, allowing bacterial detection by electrochemical impedance spectroscopy. This setup enabled rapid and direct detection of Listeria cells from pure culture or 2% artificially contaminated milk with detection limits of 1.1 × 10 4 and 1 × 10 5 , respectively. 110 The use of phage-derived affinity molecules for coating of biosensor surfaces avoids some of the problems associated with the use of whole phage particles. These include the large size of phages, which can be disadvantageous for integration into certain biosensor platforms, 12 and the observation that infection and lysis of immobilized target cells may occur after certain periods of time, resulting in decreasing signal intensities. 102 There are several studies in which surface plasmon resonance (SPR) was employed as a transduction platform in bacteriophagebased biosensors. Nanduri et al. demonstrated the detection of Listeria monocytogenes using a biosensor that features filamentous phage displaying antibodies against the listerial actin polymerization protein (ActA), fused to phage surface proteins. 111 The phages were immobilized on the sensor surface by physical adsorption, and binding of target cells to the displayed antibodies was measured in real-time by SPR. The detection limit of the biosensor, however, was high (2 × 10 6 CFU/ml). While in this approach, phages only play an indirect role for bacterial detection by displaying antibody-based recognition elements, a biosensor developed in the same year for detection of S. aureus exploits the actual specific interaction between phage and host cell. 112 In this study, a staphylococcal phage was physically absorbed to the gold surface of a SPR-based SPREETA TM sensor, and a detection limit of 10 4 CFU/ml was achieved. More recently, Arya et al. used a self-assembled monolayer of dithiobis(succimidylpropionate) (DTSP) for covalent immobilization of T4 phage on the gold surface of an SPR sensor. 113 This method ensured uniform and strong binding of the phages to the surface, and allowed specific detection of E. coli cells at concentrations as low as 7 × 10 2 CFU/ml. Furthermore, the sensor surfaces could be regenerated and repeatedly used. Besides complete phages, RBPs have also been utilized for SPR-based pathogen detection. A genetically engineered tailspike protein (lacking its native endorhamnosidase activity) from Salmonella phage P22 was anchored to a gold surface via an N-terminal cysteine tag, using thiol chemistry. 102 The resulting biosensor was able to detect Salmonella cells through measurement of real-time interaction at a concentration of 10 3 CFU/ml, whereas E. coli was not recognized. In a similar approach, an RBP from Campylobacter phage NCTC 12673 was fused to glutathione S transferase (GST), and attached to an SPR surface using glutathione self-assembled monolayers (GSH-SAM), resulting in oriented immobilization of the recognition elements. 103 This strategy improved capturing of target cells by 2-3 times compared with an undirected DTSP-mediated chemical coupling approach tested in parallel, which is reflected by a low detection limit of 10 2 CFU/ml. A number of reports describe the design and construction of phage-based magnetoelastic (ME) biosensors, mostly for detection of Salmonella. This type of transduction platform, in which signals can be detected by either magnetic, acoustic, or optical techniques, offers several advantages, including wireless interrogation (through magnetic fields), possible miniaturization, and the capability of detecting multiple different targets simultaneously in a multiplexed fashion. 114 In one study, filamentous phage specific for S. Typhimurium were physically adsorbed to the sensor surface, and binding of target cells to the phage could be detected by changes in resonance frequency of the sensor as a consequence of increasing mass, with a detection limit of 10 3 CFU/ml. 115 Using multiple ME sensors that are simultaneously interrogated allowed detection of two different pathogens, S. Typhimurium and spores of Bacillus anthracis. 116 This setup comprises a reference sensor as control, a Salmonella-specific sensor as described above, and a sensor coated with B. anthracis spore-specific filamentous phages. When sequentially exposed to the different pathogenic agents, only the sensors coated with phages specific for the respective pathogens generated measurable signals. The Salmonella-specific biosensor was further used to detect S. Typhimurium directly on the surface of fresh tomatoes. 117 The tomato surfaces were spiked with the pathogens at different concentrations, air-dried, and the phage-coated sensor (plus a control sensor without phages) was placed directly on the surfaces in a humid environment for 30 min. Surfaces that had been spiked with Salmonella suspensions at concentrations as low as 5 × 10 2 CFU/ml generated responses of the phage-coated sensor significantly different from those of the control sensor. The same principle was applied for detection of Salmonella on eggshells, and a similarly low detection limit (1.4 × 10 2 CFU/cm 2 ) was achieved, with a total assay time of 30 min. 118 Various other detection concepts using phage-based biosensor systems have been reported, and some selected examples will be briefly described here. Olsen et al. constructed acoustic wave biodetectors by immobilizing filamentous phage that display target cell-specific affinity molecules to piezoelectric transducers. 119 Binding of bacteria to the phage resulted in resonance frequency changes, and allowed detection of 10 2 CFU/ ml. Another recent study by Tay et al. reports the conjugation of Salmonella tailspike proteins to silica-encapsulated Ramanreporter-embedded nanoprobes, using surface enhanced Raman scattering (SERS) for highly specific and sensitive detection of Salmonella down to a single cell. 104 A biosensor concept reported by Smietana utilizes optical fiber long-period gratings, which allow detection of resonance wavelength shifts upon binding of bacteria to physically adsorbed bacteriophage. 120 Finally, Pacheco-Gomez et al. utilized the principle of linear dichroism (LD) for measuring the interaction of bacterial pathogens with (non-immobilized) filamentous M13 phage functionalized with affinity molecules specific for these target cells. 121 In this setup, the LD signal is dependent on the degree of alignment of molecules within the sample. While phages carrying the affinity molecule are perfectly aligned within a shear flow (yielding a high LD signal), binding of (several) phage particles to a target pathogen abolishes this alignment, resulting in a reduced LD signal. This principle can also work in a multiplexed assay by using differentially labeled phage particles.
Conclusions
Bacteriophages combine several properties that are desirable for the purpose of detecting bacterial pathogens from food samples: i) they are highly specific for their target cells and therefore largely unaffected by organisms of the background flora; ii) they can "distinguish" between living and dead cells; iii) they work under many different, including harsh, environmental conditions, eliminating the need for laborious sample pre-processing; iv) they act as signal-amplifiers when running through an infection cycle; and v) they are inexpensive and easy to produce. Furthermore, it should be considered that bacteriophages are the most abundant self-replicating entities on earth, with an estimated 10 31 particles, 122 and therefore offer a virtually unlimited selection of tools (including complete phage particles and phage-derived affinity molecules such as CBDs and RBPs) we can harness for different detection strategies. Any newly developed detection method must provide a significant advantage in at least one of the key points (rapidity, sensitivity, specificity) over existing techniques, and at the same time, offer sufficient economic benefit to justify the costs. Some of the phage-based detection formats described in this review meet these requirements and may have the potential to pass the hurdle toward commercialization. This particularly appears to be true for biosensor technologies, which have developed exponentially during the past decade.
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